Abstract: Phytoremediation, which is more efficient with less side effects than conventional physical and chemical methods, is increasing in popularity as a remediation system. This paper provides a brief overview of developments in research and application of phytoremediation of soil contaminated with gold mine tailings containing mercury. Lindernia crustacea L., Digitaria radicosa Presl. Miq., Zingiber purpurium L, Paspalum conjugatum Berg., Cyperus kyllingia Endl., and Caladium bicolor Vent., that were selected for this study were planted in the planting media consisting of soil (70%) and tailings (30%) for 9 weeks. The results showed that after 9 weeks of planting, Paspalum conjugatum had growth rate, biomass production, Hg accumulation, and ratio of shoot Hg : root Hg higher than those of other plant species tested, both in the media consisted of amalgamation and cyanidation tailings. It can thus be concluded that Paspalum conjugatum is potential plant species for remediating mercury-contaminated soil.
Introduction
Continuous efforts have been made to develop a technology that is easy to use, sustainable and economical, in order to maintain good quality of soil and water and keep them free of contamination (Nedelkoska and Doran, 2000; Lone et al., 2008) . Physicochemical approach has been widely used to remediate contaminated soil and water on a small scale (Lone et al., 2008) . Use of certain plant species to clean up contaminated soil and water that is known as phytoremediation has increasingly gained attention since the last decade as a new cheap technology.
Various plant species have been identified and tested for their ability in uptake and accumulation of a variety of different heavy metals (Lone et al., 2008) . To date, more than 400 species have been identified as metal accumulator, representing less than 0.2% of all Angiospermae Baker et al., 2000; Lone et al., 2008) , such as Pteris vittatathat is able to accumulate 755 mg/g As (Ma et al., 2001) , Thlaspi caerulencensthat is able to accumulate more than 3% Zn, 0.5% Pb and 0.1% Cd (Brown et al., 1994; Pulford and Watson, 2003) , can remove 60 kg Zn/ha and 8.4 kg Cd/ha in soil contaminated with metals (Robinson et al., 1998) , and Alyssum sp. that accumulates more than 1% Ni (Brooks et al., 1979) .
Activities of Artisanal and Small-Scale Gold Minings (ASGM)are expected to affect the quality of environment, including soil contaminated by mercury. The use of mercury in ASGM activities is an effective technology, easy, inexpensive and available in the market. Each gram of gold produced is estimated to discharge1-2 g of mercury into the environment. Based on this assumption, globally each year 1,000 t of mercury is discharged into the environment in which 300 t evaporates into the atmosphere and 700 t contaminates soil, rivers and lakes (Speigel and Veiga, 2010) .Thus, mercury accumulator plants can offer alternative methods for removing heavy metals from the soil directly on ASGM locations such as in Sekotong District of West Lombok. Selection of plant species that are tolerant to metallic element is a key to a successful remediation of degraded mining lands (Mukhopadyay and Maiti, 2010) . The use of some species, such as Lindernia crustacea, Digitaria radicosa, Zingiber purpureum, Paspalum conjugatum, Cyperus kyllingia and Caladium bicolor is expected to clean up mercury from soil. However, in order to assess the feasibility of mercury-contaminated soil phytoremediation, it needs to measure the relationship between environmental conditions including mercury levels in growing media, the rate of growth and metal uptake by plants. Therefore, the purpose of this study was to select plants with high levels of mercury uptake in conjunction with the ability to produce high biomass in soil contaminated with mercury.
Materials and Methods
The study was conducted at the experimental farm of the Faculty of Agriculture, University of Mataram, Lombok, West Nusa Tenggara using pots to determine the potential of some plant species to accumulate mercury from soils contaminated with gold mine tailings containing mercury. The tailings were obtained from gold ore processing units using the methods of amalgamation and cyanidation in the Sekotong District of West Lombok. Characteristics of the two types of tailings are presented in Table 1 . Air-dried top soils that were not contaminated by the gold mine tailings were sieved to pass through a2 mm sieve and then mixed with either air-dried amalgamation tailings or cyanidation tailings with the proportion of 70% (soil) and 30% (tailings). Fifteen kilograms of each soil-tailing mixture was used as a planting medium for each plant species tested. Before planting, the compost with a rate equivalent to 100 kg N/ha was added to each planting medium. All pots were incubated for ± 1 week to keep the water content at field capacity. Basal fertilizers of 50 kg P/ ha (as SP36), and 50 kg K /ha (as KCl)were applied to each pot at the time of planting. N fertilizer (as Urea) was applied at the appropriate dose of treatment, i.e. without N fertilizer (N1) and with N fertilizer of 100 kg N/ ha (N2). Seeds of six plant species were grown in the growing media for 9 weeks. Shoot and root dry weights of each plant species were observed at the age of 3, 6 and 9 weeks after planting. Observations of mercury accumulation in plant tissues (shoot and root) were made at the time of harvest (9 weeks after planting). Mercury concentration in plant tissues was observed by using F732-S Cold Vapor Atomic Absorption Mercury Analyzer (Shanghai Huaguang Instrument Company).
Results and Discussion

Plant dry weight
Among other plant growths reflected by the increase of biomass dry weight of plants were shoots and roots. The existence of non-essential elements of heavy metals including mercury in the soil in high concentrations exceeding the threshold generally inhibits plant growth, except for plants that genetically have the ability to tolerate and adapt to stress metal elements in the soil. Certain plants develop effective mechanisms to tolerate high levels of metals in the soil. Results of tolerability test of the studied six plant species showed that all tested plant species had a high tolerance to soils contaminated with gold mine tailings containing mercury. This was demonstrated by no inhibition of plant growth and no visible signs of physical damage showing symptoms of toxicity on all tested plant species. Results of a study previously conducted by Hidayati et al. (2009) on the soil and the area around the river contaminated by gold mining tailings containing 7.73 -22.68 mg/kg of mercury in Pongkor and Kurai of West Java, indicated that there are some plants showing a high tolerance and potentially accumulating mercury in shoots and roots to more than 20 mg/kg (exceeding the threshold of mercury concentration in plant shoots of 0.001% of total dry weight). This indicates that the tested six plant species are potential for phytoremediation of mercury-contaminated soils. The observations of shoot and root dry weight of the tested six plant species at 3,6 and 9 weeks after planting are presented in Figures 1and 2. Figure1. The root dry weight of tested plant species at 3, 6 and 9 weeks. Based on Figure 1 , the highest root dry weight generated by Cyperus kyllingia was not significantly different with Paspalum conjugatum, followed by Digitaria radicosa, Lindernia crustacea, Zingiber purpureum, and Caladium bicolor. The highests hoot dry weight generated by Paspalum conjugatum was not significantly different with Cyperus kyllingia, followed by Digitaria radicosa, Lindernia crustacea, Zingiber purpureum and Caladium bicolor (Figure 2) . A plant species that can be classified as a heavy metal accumulator group must meet the criteria in order to have the ability to withstand at high concentrations of metals in the soil. The level of absorption and translocation of metals in tissues with a high rate also should ideally have a high potential for biomass production.
Mercury accumulation in shoots and roots
Mercury phytoextraction and accumulation potential of the tested six plant species at 9 weeks after planting presented in Figure 3 showed that the levels of Hg in the plant shoots ranged from 80-275 mg/kg. This exceeded the threshold value 0.001% of mercury in plant shoots. Metal accumulator plants can naturally accumulate metals exceeding the threshold value of 1% Zn and Mn, 0.1% Ni, Co, Cr, Pb and Al, 0.01% Cd and Se, 0.001% Hg or 0.0001% Au from the biomass dry weight,and tolerate higher metal concentrations in the shoots than that which is normally found in the non-accumulator plants without showing symptoms of toxicities (Brown etal., 1995; Baker and Brooks, 1989; Hidayati, 2005) . Plants develop effective mechanisms to tolerate high levels of metals in the soil.
Accumulator plants do not prevent the metal into the roots but to develop specific mechanisms to detoxify heavy metals in soil with high level of accumulation in the cell. This mechanism allows the bioaccumulation of metals in high concentrations. High accumulation in plant species reflects the high metal concentrations in the rhizosphere. According to Patra and Sarma (2000) , there is a link between the level of heavy metal pollution in soil with absorption by plants. Elevated levels of mercury in the soil will give effect to the increase in mercury uptake by plants that will be accumulated in roots or shoots. Accumulation occurs because there is a tendency of heavy metals to form complex compounds with inorganic substances contained in the body of organisms.
The highest level of mercury was observed in the shoot of Lindernia crustacea followed byDigitaria radicosa, Cyperus kyllingia, Paspalum conjugatum, Zingiber purpureum and Caladium bicolor (Figure 3 ). This is consistent with the results reported by Hidayati et al. (2009) . Cyperus kyllingia showed high tolerance and potentially effective mercury accumulation in roots and shoots. The mercury accumulations in the tested plant species were 89. 13, 50.93, 49.33, 9.12, 1.78 High biomass production significantly affected the accumulation of Hg as presented in Figures1and 2 . Paspalum conjugatum at 9 weeks produced higher biomass than other plant species tested. Based on the ability to accumulate heavy metals, a plant species can be categorized as a potential phytoremediator when the ratio of accumulation of Hg in the shoot and in the root is more than one. Translocation system of elements from roots to shoots of metal accumulator plants is more efficient than normal plants. This is indicated by the ratio of metal concentration in shoot: metal concentration in root that is more than one (Gabbrielli et al., 1991) . Data presented in Figure 5 showed that all tested plant species had shoot Hg: root Hg ratios of more than one except for Caladium bicolor. The shoot Hg: root Hg ratios of the six tested plant species were in the order of Paspalum conjugatum > Lindernia crustacea > Cyperus kyllingia > Digitaria radicosa > Zingiber purpureum > Caladium bicolor. 
Plant Species
The difference in the ratio of shoot Hg : root Hg on all tested plant species showed that the effectiveness of the mechanisms developed differences of each plant species in translocating mercury from the root to the shoot.
Conclusion
Paspalum conjugatum show the faster growth rate and the higher biomass as well as accumulation than Cyperus kyllingia, Lindernia crustacea, Digitaria radicosa, Zingiber purpureum, and Caladium bicolor, either on the growing media containing amalgamation tailings or cyanidation tailings. Therefore, it can be concluded that Paspalum conjugatum is a potential plant species for phytoremediation of mercury-contaminated soil.
